This study was designed to characterize the role of P22 in the intracellular survival and pro-inflammatory responses in Salmonella-infected chicken macrophage-like HD11 cells. The intracellular survival of Salmonella Typhimurium was evaluated in the presence or absence of P22 at 24 h postinfection (hpi). The production of inflammatory mediators, including nitric oxide (NO), IL-1β, IL-6, IL-8, and IL-10, was determined at 0 and 24 hpi by using ELISA kits. The survival rates of intracellular S. Typhimurium were effectively reduced to 8.1% in Salmonellainfected HD11 cells treated with P22 at 24 hpi. The secretion of NO, IL-6, IL-8, and IL-10 varied with infection period and bacteriophage treatment. The reduction of intracellular S. Typhimurium was highly correlated with the enhanced production of NO (r＝0.816, P＜0.001). The results suggest that bacteriophage can be used to control the intracellular pathogens. This study would provide useful information on the bacteriophage-host interactions and open the door for designing an effective and safe bacteriophage therapeutic system.
Introduction
The gastrointestinal tract of poultry can be a major reservoir for various pathogenic bacteria, which can cause cross-contamination of poultry meat and egg products (Kaiser et al., 2000 , Vikram et al., 2012 . Furthermore, the emergence of antibiotic-resistant bacteria has been a serious problem, which has been accelerated due to the antibiotic misuse and overuse in poultry production (Melendez et al., 2010 , Medeiros et al., 2011 , Agada et al., 2014 . Unlike humans, the Salmonella Typhimurium infections in poultry do not cause any severe clinical signs or symptoms because of a lack of immune responses (Jeurissen et al., 1998 , Shah et al., 2011 . Therefore, for reducing the risks of Salmonella infections, the pre-harvest intervention becomes a high priority in the poultry industry. The infected Salmonella can invade the intestinal epithelial cells and then survive intracellularly within the macrophages (Knodler et al., 2001 , Antunes et al., 2010 .
Many researches have been focused on the development of alternative treatments over conventional antibiotics because the intracellular Salmonella is not easily controlled by antibiotic treatment. Recently, the bacteriophage control has received much attention as a potential treatment approach for bacterial infections (Barrow, 2001 , Johnson et al., 2008 , Golkar et al., 2014 . However, the role of bacteriophage in macrophage-mediated inflammatory immune responses remains unclear. The primary immune response of macrophages against bacterial infection includes the secretion of signaling molecules such as nitric oxide (NO), pro-inflammatory cytokines, and chemokines (Withanage et al., 2004 , Park et al., 2013 . Therefore, the objectives of this study were to evaluate the effect of P22 on the invasion ability of Salmonella Typhimurium and the macrophage-mediated inflammation in chicken macrophage-like HD11 cells.
Materials and Methods

Bacterial Strains and Culture Conditions
Strain of Salmonella Typhimurium ATCC 19585 was purchased from American Type Culture Collection (ATCC, Manassas, VA). The strain was cultivated in trypticase soy agar (TSA) at 37℃ for 20 h and collected by centrifugation at 3,000×g for 20 min at 4℃.
Bacteriophage Propagation
P22 (ATCC 97540) was purchased from ATCC and propagated with host strain (S. Typhimurium ATCC 19585) in trypticase soy broth (TSB) at 37℃ for 24 h. The culture was centrifuged 5,000×g for 10 min and then filtered using a 0.2-mm filter to remove bacterial cell debris. The collected bacteriophages were purified using a cesium chloride gradient ultracentrifugation. The purified bacteriophage titer was determined according to phage plaque assay (Bielke et al., 2007) . In brief, bacteriophages were serially (1:10) diluted with PBS buffer, mixed with host strain in soft TSA (0.5% agar), pour-plated on the lawn of pre-warmed 1.5% TSA. The plates were incubated for 24 h at 37℃ to count free lytic phages expressed as plaque-forming unit (PFU).
Cell Line and Culture Condition
Chicken macrophage-like HD11 cells were kindly provided by Dr. Uma S. Babu at the Immunobiology Branch, Food and Drug Administration (FDA, Laurel, MD). The cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 2 mM L-glutamine, 10% heatinactivated chicken serum (Sigma-Aldrich, St. Louis, MO), penicillin (100 U/ml), and streptomycin (100 μg/ml) under 5% CO 2 at 37℃. The HD11 cells were seeded at 2×10 6 cells/ml into 24-well tissue culture plates (BD Falcon, Franklin Lakes, NJ) and cultured up to approximately 90% confluence for 24 to 48 h at 37℃. The postconfluent cultures were rinsed two times with PBS buffer and adapted with serum-and antibiotic-free DMEM for 1 h for bacterial invasion assay.
Bacterial Invasion Assay
S. Typhimurium cells were infected at approximately 10 6 CFU/ml into the postconfluent HD11 cell monolayers at 37℃ for 1 h in 24-well plates. After bacterial infection, the HD11 cells were rinsed two times with PBS buffer to remove nonadherent bacterial cells and treated with DMEM containing 100 μg/ml of gentamicin at 37℃ for 1 h to exclude attached bacterial cells. After gentamicin treatment, the Salmonella-infected HD11 cells were further incubated with and without P22 (10 8 PFU/ml) at 37℃ for 24 h. At 0 and 24 h postinfection (hpi), the supernatants were collected to determine the production of inflammatory mediators.
Enumeration of Intracellular Bacteria
After gentamicin treatment, the Salmonella-infected HD11 cells at 0 and 24 hpi were lysed with 200 μl of 1% Triton X-100 for 15 min at 37℃. The lysates were centrifuged at 3,000×g for 10 min and serially (1:10) diluted with PBS buffer. Each dilution was plated on TSA to enumerate intracellular S. Typhimurium cells.
Quantification of Macrophage-secreted Inflammatory Mediators
The levels of proinflammatory cytokines (IL-1β and IL-6), chemokine (IL-8), anti-inflammatory cytokine (IL-10), and nitric oxide (NO) secreted in the culture supernatants were measured using a Chicken ELISA Kit (CUSABIO, Wuhan, Hubei, China) according to the manufacturer's instructions. Specific antibody-coated plates were used for quantifying the inflammatory mediators, including quantitative sandwich immunoassay for IL-6 and competitive inhibition enzyme immunoassay for IL-1β, IL-8, and IL-10. The supernatants (100 μl each) were added into antibodycoated 96 well plates at 37℃ for 40 min, washed two times with washing buffer, and reacted with 90 μl of substrates. The reactions were terminated with 50 μl of stop solution. The absorbance was measured at 540 nm and corrected at 570 nm or 600 nm using a Multiskan microplate reader (Thermo Fisher Scientific Inc.; Fair Lawn, NJ). Standards were treated as described above. Standard curves were constructed at different concentration levels of NO (5-80 ng/ml), IL-1β (1-50 pg/ml), IL-6 (15.6-250 pg/ml), IL-8 (1.56-100 pg/ml), and IL-10 (1-50 pg/ml). Non-infected HD11 cells treated without P22 were used as controls.
Statistical Analysis
All experiments were conducted in two technical replicates for three biological replicates. Data were analyzed using the Statistical Analysis System software. The general linear model and least significant difference (LSD) procedures were used to evaluate the treatment as a fixed effect. Significant mean differences were calculated by Fisher's LSD at P＜0.05, P＜0.01, and P＜0.001. Correlation coefficients were established between inflammatory factors (NO, IL-1β, IL-6, IL-8, and IL-10) and intracellular bacterial reduction at the significant levels of 0.1%, 1%, and 5%, respectively.
Results and Discussion
Intracellular survival of S. Typhimurium in chicken macrophage-like HD11 cells
The intracellular viability of S. Typhimurium was evaluated at S. Typhimurium-infected HD11 cells treated with and without P22 for 24 h at 37℃ (Fig. 1) . The numbers of internalized S. Typhimurium were 3.4×10 4 cell/cm 2 in HD11 cells at 0 hpi. The survival rates of internalized S. Typhimurium were 62% and 8% in HD11 cells treated without and with P22 at 24 hpi, respectively. The results suggest that P22 could induce proinflammatory and phagocytosis-associated events (Kurzępa et al., 2009) . Salmonella pathogenicity island 2 (SPI-2) is required for the intracellular survival of S. Typhimurium within macrophages, leading to systemic infection (Gallois et al., 2001) . The suppressor of cytokine signaling genes in macrophages was up-regulated in SPI-2-dependent manner, resulting in the evasion of host immunity (Vazquez-Torres et al., 2000, Uchiya and Nikai, 2005) .
Induction of Proinflammatory Mediators in Infected HD11 Cells
The production of NO, IL-1β, IL-6, IL-8, and IL-10 was determined in non-infected control (C) and S. Typhimurium (S) infected HD11 cells treated with and without P22 at 1 and 24 hpi (Fig. 2) . The production of proinflammatory mediators in HD11 cells varied with bacteriophage treatment and infection period. The levels of NO production were not significantly increased in non-infected HD11 cells treated Ahn et al.: Inflammatory Response to Bacteriophage with P22 and Salmonella-infected HD11 cells at the early stage of infection (1 hpi) when compared to the spontaneous NO secretion (C), ranging from 13 to 16 ng/ml ( Fig. 2A) . The NO synthesis is highly dependent on the presence of TNF-γ (He et al., 2011) . At 24 hpi, the NO production was increased to more than 40 ng/ml for all treatments. Noticeable increase in NO production was observed in noninfected and Salmonella-infected HD11 cells treated with P22 at 24 hpi, showing 73.9 and 76.8 ng/ml, respectively. At the late stage of Salmonella infection, the enhanced NO synthesis was mainly attributed to the expression of SPI-1 effector proteins (Drecktrah et al., 2005) . The enhanced NO production in this study was corresponded to the inhibition levels of internalized S. Typhimurium in HD11 cells treated with P22 at 24 hpi (Fig. 1) (Withanage et al., 2005) . This result implies that P22 as a potential immune activator can be used to control the intracellular S. Typhimurium. Compared to the control (1.5 pg/ml), the Salmonella-infected HD11 cells produced large amounts of IL-1β at 0 hpi, showing 4.5 pg/ml (P＜0.05) (Fig. 2B) . No noticeable changes in the IL-1β production were observed at 24 hpi for all treatments. Similar to IL-1β, the IL-6 production was significantly increased to 54.7 in Salmonella-infected HD11 cells at the early stage of infection (1 hpi) (Fig. 2C) . B-lymphocytes and T-cells stimulated by IL-1β and the IL-6 can enhance the adaptive immune response (Kaiser et al., 2000) . The IL-6 was not detected in Salmonella-infected HD11 cells treated with and without P22 at 24 hpi. IL-6 acts as pro-and antiinflammatory mediator (Kaiser et al., 2000 , Lee et al., 2010 . The IL-8 production in the Salmonella-infected HD11 cells at 1 hpi was similar to the control (1.8 pg/ml) ( Fig. 2D) . The IL-8 secretion in the control and Salmonellainfected HD 11 cells at 24 hpi was stimulated by P22. The proinflammatory chemokine, IL-8, plays an important role in initiating inflammatory response (Sadeyen et al., 2004) . IL-10 production was not significantly increased at the early stage of infection (1 hpi) when compared to the basal IL-10 release in the control (1.7 pg/ml) ( Fig. 2E) . At 24 hpi, the levels of IL-10 production were significantly increased in the control treated with P22 (3.4 pg/ml). Mammalian IL-10 is known as an inhibitor of NO, TNF-α, and IFN-γ syntheses, but not in the chicken IL-10 in the Salmonella-infected HD11 cells (He et al., 2011) .
Correlation Coefficients between Macrophage-mediated Inflammatory Factors
The correlation coefficients between inflammatory factor production and intracellular bacterial reduction were estimated separately for the early stage of infection (1 hpi, Table  1 ) and late stage of infection (24 hpi, Table 2 ). The production of NO at the early stage of infection was highly correlated with the production of IL-10 (P＜0.05). The production of IL-1β was positively correlated with the production of IL-6 (P＜0.001) and IL-8 (P＜0.01) and negatively correlated with the production of IL-10 (P＜0.05) ( Table 1 ). The IL-8 production at the early stage of infection was highly correlated with the IL-6 production (P＜0.05), while no significant correlation was observed between NO and IL-6 and between NO and IL-1β (P＞0.05). In Table 2 , the bacterial reduction in HD 11 cells was highly correlated with the NO (P＜0.001) at 24 hpi, followed by IL-1β (P＜ 0.05) and IL-8 (P＜0.05). The IL-8 production was highly correlated with NO (P＜0.05) and IL-10 (P＜0.05) at 24 hpi. The trends of correlation between IL-10 and NO, IL-10 and IL-1β, and IL-8 and IL-1β were changed from high correlation at 1 hpi to less correlation at 24 hpi. The correlation between IL-10 and IL-8 was changed from negative correlation at 1 hpi to positive correlation at 24 hpi. The production of pro-and anti-inflammatory cytokines and chemokines is a complex phenomenon involved in the interactions of cellular signals in response to bacteria and phages (Entrican et al., 1999) . Therefore, it is essential to understand the cellular inflammatory responses in transcriptional and translational levels.
In conclusion, the most significant findings in this study were that i) the significant reductions in internalized S. Typhimurium were observed in HD11 cells when treated with P22, ii) the secretion of IL-1β and IL-6 in the Salmonella-infected HD11 cells was increased at the early stage of infection (1 hpi) and the production of NO, IL-8, and IL-10 was increased at the late stage of infection (24 hpi), and iii) the enhanced NO production was positively correlated with the reduction of the internalized S. Typhimurium in HD11 cells treated with P22. Therefore, bacteriophage can be a promising approach to control the intracellular pathogens in association with the modulation of pro-inflammatory mediator production. The development of targeted phage delivery system is currently under investigation in our laboratory.
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